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A B S T R A C T

Decarbonisation of energy production is vital to prevent further climatological disasters; sustainable hydrogen 
production from unique underutilised feedstocks will presents a viable pathway to overcome further energy 
crises and transition away from fossil reserves. By tapping into severely underutilised lignin-rich biorefinery 
waste streams such as sludges, produced post hydrolysis (sugar extraction, pre-fermentation), a wealth of 
hydrogen was unlocked via gasification at 950 ◦C in 1 % O2/N2, producing a gas-rich product mixture (>70 wt%) 
in a batch downdraft reactor. Subject to an optimised pre/post-treatment regime, low nitrogen and ash (<2 wt%) 
containing 1–2 mm sludges derived from barley and wheat straws were found to create a producer gas with 
hydrogen concentrations of 27.95 vol.% and 22.12 vol.%, respectively, as a result this work has pioneered a 
waste-to-hydrogen pathway for biorefinery sludges, achieving competitive H2 yields without energy-intensive 
steam/catalysts. The formed sludges were found to be superior to both raw and leached parent feedstocks 
without NaOH hydrolysis, in terms of hydrogen production and solid fuel calorific values.

1. Introduction

Energy security is constantly shifting, this leads to periods of 
abundancy and sustainable development, it also leads to energy poverty 
and the switching back to fossil reserves so that demand can be met. To 
ensure that energy insecurity doesn’t lead to a reverse transition, back 
towards traditional energy production and the consumption of fossil 
fuel. Global efforts are required to continue decarbonisation efforts by 
seeking renewable energy, especially through bio-renewables. One such 
option are lignocellulosic waste streams, such materials can be the 
produced from food processing industries, agricultural waste streams 
and emerging biorefinery wastes, otherwise known as second generation 
resources [1–3]. A second-generation feedstock is one that doesn’t 
compete with food production, therefore aligning with the United Na
tions Sustainable Development Goal of Zero Hunger, while supporting 
Affordable and Clean Energy, as well as Responsible Consumption and 

Production, along with Climate action. For the latter goal, lignocellu
losic biomass wastes are considered as a short-term substitution of 
traditional fossil-based solid fuels, together with other forms of renew
able energy, collectively true net carbon reductions (CO2) can take 
place. However, much like fossil residues before them, a possible solid 
fuel cannot be effectively used directly from the land, the fuel candidate 
must be pre-treated to ensure long term energy production.

Waste pre-treatment options range from overall material size, 
removal of surface bound or soluble impurities and moisture, or ap
proaches where a material can be modified to enable greater reactivity 
by expanding the available surface area for biochemical or thermo
chemical conversion [4]. However, alike with many well-established 
solid fuels, thermochemical conversion routes for energy production, 
be that combustion or gasification all lead to the same problem, re
actions between carbon rich materials in oxygen, in any concentration 
will liberate CO2 through a combustion pathway. Therefore, alternative 
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fuel production routes to overcome this problem, or methods of 
changing reaction selectively to promote the production of hydrogen 
(H2) from waste sources are vital for us to decarbonise energy produc
tion from solid fuels. Hydrogen is the apex of low carbon fuels and has an 
energy density of ~ 60 % higher than natural gas or bio-methane [5]. 
Therefore, by combining waste to energy with appropriate carbon 
removal technologies, will enable COx lean gaseous fuel production. 
Carbon dioxide can be removed from the produced gas feed post- 
combustion/gasification of fuel, pushing energy production into the 
realms of negative emissions.

Although for complete decarbonisation, not just the energy produc
tion sector by the 2050 goal, it is projected that the required H2 pro
duction must rise to 512 Mt between 2030 and 2050 [6,7]. To reach this 
level of production, there is no one-size fits all approach, sustainable 
hydrogen production must be approached in a dual symbiotic way, 
much like sustainable energy on a whole, albeit for the case of H2 it is 
currently stifled by current technology readiness. There are vast global 
investments into electrolysers that are steadily becoming more efficient, 
although their lifetimes are still not on par with more established 
technologies [8,9]. Electrolysis is a process where water is separated 
into H2 and O2, a rapid approach to hydrogen production but seriously 
hampered by cost due to high electrical demand [10]. Another approach 
is the decomposition of ammonia (NH4), a compressible liquid hydrogen 
carrier which allows for the zero-carbon liberation of hydrogen via a 
thermal cracking route or electrocatalytic pathway [11]. However, NH4 
is an invaluable chemical for fertilisers, production/manufacturing, 
refrigeration, water purification and pharmaceuticals, by considering 
how versatile NH4 is, its role as a bulk energy source could be considered 
minor unless production is rapidly increased, much like hydrogen. This 
does leave behind technologies such as methane reforming which is 
carried out using heterogeneous catalysis and other emerging technol
ogies such as plasma-assisted pyrolysis [12]. These methods often use 
natural gas, although not exclusive, and generate an amorphous carbon 
secondary product, carbon black [12]. While considered a cost-effective 
method of producing hydrogen, the high carbon footprint of natural gas, 
especially through extraction is a carbon intensive practice (11 − 21 g 
CO2e MJLHV

-1 ) [13]. The more sustainable pathway for H2 is through the 
transformation of lignocellulosic wastes as an option for sustainable 
hydrogen production via gasification [14].

Gasification utilises a critically dilute oxygen atmosphere (1–5 vol. 
%) which does not fully oxidise the carbon in the way that combustion 
will (CO > CO2) [15]. By doing so, the produced gas mixture from 
gasification is denoted as syngas (synthesis gas) which generally con
tains CO, CO2, CH4, H2 and trace short chain hydrocarbons (CxHy). By 
augmenting gasification with steam, catalysis or a combination of both 
will drive various reactions to boost hydrogen yields, these include the 
water–gas shift (WGS) reaction (Eq. (1), WGS (Eq. (2), steam reforming 
of tar (Eq. (3) and steam reforming of methane (Eq. (4) [16–19]. 

CO + H2O ⇋CO2 +H2 ( − 41 kJ mol − 1) (1) 

C + H2O ⇋ CO + H2 ( + 130 kJ mol − 1) (2) 

Tar → COx +CxHy +H2 (Variable) (3) 

CH4 +H2O ⇋ CO + 3H2 ( + 206 kJ mol − 1) (4) 

The push for utilising lignocellulosic biomass feedstocks is rooted 
through the sheer number of available options and for some feedstocks, 
substantial abundancy. However, positives can be masked in a disad
vantage, each feedstock has a unique organic and inorganic composition 
[20]. The extractable organic components, namely cellulose and hemi
cellulose hold greater value than simply converting for energy produc
tion. These are high-value sugars, hexose and pentose, that can be 
fermented (value added) into various fine chemicals and liquid fuels, 
stimulating the green and sustainable chemical economy. Post sugar 
extraction, the final organic residue lignin remains, which can be 

difficult to isolate and effectively utilise without high energy and or 
prolonged processing. As a result, lignin, the rugged polymer backbone 
of lignocellulosic biomass is often committed to waste and or classified 
as a low-value material, used previous use in animal feeds or as a 
component in adhesives [21,22]. Lignin and specifically, lignin-derived 
wastes hold a far greater stake in both the bioeconomy [23] and broader 
circular economy [24] that could display its true value in use in the 
emerging hydrogen economy [25]. Lignin utilisation stands out as a 
sustainable option to producing hydrogen that is not dependant on 
electrolysis, methane pyrolysis or the use of solid fossil fuels [26]. To 
enable this proposal, lignin-rich biorefinery waste streams (high mois
ture species post sugar hydrolysis) must be post-processed to increase 
their value by decreasing their overall ash content, often inflated by the 
impregnation of alkali or alkaline earth metals, sulphur or chlorine 
[4,27–30]. It is well known that at scale, ash deposits lead to systematic 
disruptions along the waste to energy process, such as reactor defluid
isation (subject to reactor configuration), heat exchanger fowling and 
reactor hot spots [31]. Additionally, ash residues can facilitate rogue 
reactions or downstream product instability [32–35]. The former is 
driven by the fact that ash can act catalytically for the various gasifi
cation reactions, especially Na and K for the WGS reaction (Eq. (1), as 
discussed in previous works [14,16]. Therefore, to ensure that an 
operator has full control over the gasification, the process must 
accommodate means to drive down ash concentration and remove such 
elements to prevent undesired reactions, albeit stifling ones of benefit 
[36].

This work builds upon the Bluegen Project, DESNZ Hydrogen BECCS 
Innovation Programme: Phase 1 [7]. Here, the effect of varying NaOH 
concentrations (0.2 M, 0.4 M and 1.0 M) on two globally abundant 
lignocellulosic biomass waste streams, barley straw and wheat straw for 
producing hydrogen from lignin rich sludges is discussed. Specifically, 
investigating whether there is a correlation between increasing the base 
concentration, and base pre-treatment residence time on the effect of 
hydrolysis (removal of high-value cellulose and hemicellulose sugar 
units) on subsequent hydrogen yields in producer gas during gasification 
without catalysis and or steam addition, under batch conditions. Unlike 
many prior studies focused on catalytic gasification of raw biomass 
materials [37–41], this work is the first to demonstrate the valorisation 
of post-hydrolysis biorefinery sludges (high-moisture, lignin-rich waste) 
for H2 production via gasification without steam/catalysts. The novelty 
of this work aims to address the sludge-specific pre-treatment and 
transform underutilized sludge into a high-potential H2 feedstock, as 
emphasized in the Bluegen Project report. This work pioneers a waste- 
to-hydrogen pathway for biorefinery sludges, achieving competitive 
H2 yields without energy-intensive steam/catalysts.

2. Experimental Section

2.1. Feedstock preparation

Barley straw and wheat straw, grown locally, was milled using a 
Retsch SM300 cutting mill fitted with a 1.00 mm screen. The milled 
grains were treated with varying concentrations of NaOH (0.2 M, 0.4 M 
and 1.0 M, Fisher Scientific) across two residence times under batch 
conditions for 0.5 h and 1.0 h at 90 ◦C in a 10 L Universal Process Ma
chine (RoboQbo 15–4). This was followed by drying at 105 ◦C in a 
Genlab OV/100/F/DTG oven overnight. The resulting cake was hammer 
milled using a Retsch GM200 Grindomix Knife Mill at 4000 rpm for 1 
min (blunt edge of the blade for low sheer, separating the cake instead of 
reducing the grain size further). The resulting material was separated 
using a Retsch AS200 Vibratory Sieve Shaker, reclaiming the 1.00–2.00 
mm fractions to ensure continuity. Each reclaimed feedstock was water 
washed (leached) in deionized water using a Heidolph Hei-Tec hotplate 
at 25 ◦C, 900 rpm for 24 h at a ratio of 10 g L-1. The temperature was 
monitored using a Pt1000 thermocouple based in the leachate. The 
leached feedstocks were decanted and separated from their leachates, 
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drying under vacuo, followed by thermally drying in a Fisherbrand 
gravity convection oven for 24 h at 105 ◦C.

2.2. Feedstock characterisation

Thermal degradation of the sludge derived materials was carried out 
using a LECO 701 thermogravimetric analyser (proximate analysis) 
where moisture, devolatilization, ash, higher heating value (HHV, gross 
calorific value) and lower heating value (LHV, net calorific value) were 
measured and calculated using the HHV and LHV equations shown in 
Table 1. The method carried out for analysis is detailed in earlier works 
[30,42]. Ultimate analysis (carbon, nitrogen and hydrogen) of all feed
stocks was acquired using a LECO 628 CHN Combustion analyser using 
sample sizes of 50.00–60.00 mg. Fourier Transform Infrared spectra 
were obtained using a Thermo Scientific Nicolet iS5 with a PIKE MIRacle 
single reflection horizontal ATR accessory. Scanning Electron Micro
scopy (SEM) images were acquired via a Zeiss EVO 60 instrument at 10-2 

Pa and an electron acceleration voltage of 20 kV. Powders were adhered 
to a coated conductive carbon tape and attached to the specimen holder. 
Bomb calorimetry was carried out on sample sizes between 0.80 and 
1.00 g using a Parr 6200 Isoperibol calorimeter fitted with a Parr 1108P 
oxygen combustion vessel with an O2 pressure of 450 psi. Leachate- 
based Na cations were quantified by a Dionex ICS 2000 system using a 
Dionex IonPac AS16 (2 x 250 mm) column, calibrating with a five-point 
calibration plot between 12.5 ppm and 200 ppm.

Hemicellulose and cellulose removal was characterised by using a 
modified Van Soest method dictated by Liang [43]. Once the feedstocks 
were initially treated and washed, the dried residues were added to 70 
mL HCl (2 M) (Fisher Scientific), heating at 100 ◦C for 50 min, followed 
by washing until the washings ran to pH 7. The materials were then 
washed with 100 mL ethanol and acetone (Fisher Scientific, Analytical 
reagent grade, >99.8 %) before drying overnight, the change in mass 
from the HCl processing can be attributed to the digestion of hemicel
lulose. Cellulose was digested by adding 10 mL H2SO4 (Fisher Scientific, 
ACS, 95.0–98.0 %) to the dried material immediately transferred from 

the oven. The acid suspension aged for 4 h at 20 ◦C in a static envi
ronment before diluting in 90 mL deionised water further aged over
night at room temperature. The feedstock was dried, and the resulting 
mass loss was ascribed to be the loss of cellulose. The full change of mass 
was then compared with virgin feedstocks and the percentage reduction 
in hemicellulose and cellulose is shown in Table S1.

2.3. Gasification of sludge feedstocks

The gasification of the leached sludge feedstock was carried out in a 
lab scale, downdraft fixed-bed stainless steel, batch atmospheric reactor 
under a controlled reactive atmosphere. Here, dry synthetic air (O2 20 
vol.% and N2 80 vol.%) was diluted by a mass flow controller (Aalborg, 
GFCS-01) with nitrogen to achieve a 1 % O2 in N2 mixture at a flow rate 
of 40 mL min− 1, corresponding to ~0.2 s of gas residence time. The 
gasifier was heated to 950 ◦C, measured by a K-type thermocouple 
positioned in the sample holder of the reactor. The heating rate was 
calculated to be ~50 ◦C min− 1, by measuring the time to reach Tmax 
from room temperature, holding for an additional 5 min at maximum 
temperature for a total reaction time of 23.5 min. Gas products were 
purified by a liquid tar trap (deionised water) and dried (SiO2 gel, 
70–230 mesh, Alfa Aesar) before storing in a 1 L Tedler bag and ana
lysing offline using a Pollutek Gas 3000P analyser, gasification heats 
were ran in triplicate and the volumetric data was averaged, statistical 
variation in measurements is attributed to sample homogeneity (particle 
size and ash rich/deficient regions) and mass of feedstock charge used. 
The final product composition data was normalised by removing nitro
gen from the mixture. Post reaction, the reactor was cooled to room 
temperature and cleaned in acetone to recover both the solid and liquid 
products from the reactor body and tubing. Once filtered from the char 
the tar/oil residues were separated via rotary evaporation and weighed 
to determine the individual product distributions. Between reaction sets, 
the reactors were cleaned in flowing air (40 mL min− 1) to combust 
organic residues and prevent follow on contamination.

Table 1 
Proximate and ultimate analysis of leached barley and wheat straw derived sludges, at different NaOH concentrations and two residence times [7].

Feedstock Hydrolysis 
time 
(min)

Moisture 
(wt.%)

Volatile 
(wt.%)

Fixed 
Carbon 
(wt.%)

Ash 
(wt. 
%)

HHV 
(MJ 
kg− 1)

LHV 
(MJ 
kg− 1)

C 
(wt. 
%)

H 
(wt. 
%)

N 
(wt. 
%)

O 
(wt. 
%)*

C/H 
ratio

C/N 
ratio

Calorific 
value 
(kJ kg− 1)

Barley 
Straw

0.2 
M

30 2.82 86.06 9.67 1.45 16.82 14.44 43.00 6.11 0.19 49.25 7.04 224.08 18.55

0.2 
M

60 1.36 83.99 9.96 4.70 16.58 14.48 45.30 6.71 0.03 43.26 6.75 1680.89 17.80

0.4 
M

30 3.76 83.76 9.65 2.93 16.45 13.73 45.40 6.81 0.17 44.69 6.67 259.81 17.45

0.4 
M

60 1.51 87.78 5.50 5.21 15.59 13.43 44.80 6.80 0.11 43.08 6.59 390.11 17.33

1.0 
M

30 1.96 84.50 10.94 2.59 17.02 14.75 44.60 6.72 N/D 46.24 6.64 − 16.98

1.0 
M

60 4.36 82.93 9.96 2.75 16.43 13.58 43.10 6.63 0.01 47.51 6.50 3243.04 17.17

Wheat 
Straw

0.2 
M

30 2.11 85.72 10.44 1.73 17.04 14.78 46.20 6.51 N/D 45.56 7.10 − 19.01

0.2 
M

60 6.53 81.46 10.33 1.68 16.34 12.99 44.20 6.48 0.03 47.61 6.82 1308.47 17.01

0.4 
M

30 2.81 84.69 10.98 1.52 17.07 14.60 44.20 6.59 0.11 47.58 6.71 391.22 15.34

0.4 
M

60 2.52 85.31 10.74 1.44 17.09 14.65 46.50 6.89 N/D 45.29 6.75 − 18.08

1.0 
M

30 2.98 86.26 9.39 1.44 16.76 14.19 45.80 6.94 N/D 45.85 6.60 − 17.32

1.0 
M

60 1.51 86.74 10.24 1.51 17.13 14.98 44.20 6.61 N/D 47.86 6.69 − 17.25

HHV – Higher Heating Value, HHV = (0.3536 (FC)) + (0.1559(VM)) – (0.0078(ASH)).
LHV − Lower Heating Value (LHV) = HHV – (0.212 (Hydrogen content)) – (0.0245 (Moisture)) – (0.008 (Oxygen content)).
N/D – Not detectable.
*O (wt.%) is calculated by the following equation O = 100 − [ash (wt.%) + C (wt.%) + N (wt.%) + H (wt.%)].
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3. Results and Discussion

3.1. Feedstock characterisation

As mentioned, the reclaimed sludges were leached (water washed) to 
extract the impregnated Na+ ions from the hydrolysis pre-treatment, as 
well as other water-soluble ash constituents. Leaching was carried out 
over a 24 h period to maximise the inorganic removal from each feed
stock. It was shown in our earlier work that some elements benefit from 
prolonged residence times to increase removal [33]. However, for Na 
due to its high solubility in water, it was found that was no further 
removed after 4 h. This was confirmed by ion chromatography where 
aliquots of the leachate were removed and filtered (0.25 μm Whatman 
syringe filter) across three particle size ranges to investigate the effect of 
feedstock physical surface area and Na diffusion. The data shows that 
the target feedstock size of this work (1–2 mm) inherently contained less 
Na+ than other smaller particle sizes, albeit all three reached maximum 
removal at the same time point, an exemplar of this is shown in Fig. S1
for barley straw, 0.2 M (60 min). The overall properties of each feed
stock are reported in Table 1 which clearly shows that the ash content 
can be lowered to a point that can be considered a baseline for all 
feedstocks, where a 1.0 M NaOH hydrolysis reaction does not generate a 
feedstock with an inflated inorganic content, post leaching. Table 1 does 
show that the effect of base concentration has a mildly positive effect on 
the overall hydrogen content of the wheat straw derived feedstocks, 
whereas the opposite trend is seen for the barley straw derived sludges, 
indicating a contrasting effect on the hydrolysis process. Across the 
range of feedstocks there is an overall decrease in the C:H ratio for both 
families of sludges, as the concentration of NaOH used increases, this is 
due to two carbon components of the lignocellulosic matrix being 
removed, cellulose and hemicellulose, validated by Table S1 which 
shows a gradual reduction in both sugar species as NaOH concentration 
and time increased. On the back of this, there is also a slightly lower 
calorific value along the series of samples, where barley straw sludge 
decreased from 18.55 kJ kg− 1 to 16.98 kJ kg− 1 moving from 0.2 M− 1.0 
M NaOH, respectively. A lower calorific value was also seen for wheat 
straw derived sludges, decreasing from 19.01 kJ kg− 1 to 17.25 kJ kg− 1 

from 0.2 M− 1.0 M NaOH, respectively, directly related to a decrease in 
C as the base concentration used was increased. Interestingly, by 
increasing the concentration of base used before leaching, there has 
been a complete removal of nitrogen in the feedstocks (Table 1). This is 
beneficial as there will be less NOx-derived molecules formed during 
thermochemical conversion that is directly related to the feedstock.

Further chemical characterisation was carried out using Fourier 
Transform Infrared Spectroscopy (FTIR), this data is presented in Fig. 1a 
(barley straw) and Fig. 1b (wheat straw). By directly comparing each 

sludge-based feedstock with the parent waste feedstock, leached but not 
pre-treated with base, one can see there has been a substantial alteration 
to much of the chemical structure. Attention can be drawn to peaks such 
as 890 cm− 1 (glycosdic linkages of xylan) which is present in both 
Fig. 1a and Fig. 1b and decreases in intensity for wheat straw (Fig. 1b) 
but is not present for barley straw sludge 1 M at 60 min (Fig. 1a) [44]. 
There has been a substantial decrease in intensity at 1037 cm− 1, rep
resenting C-O, C=C and C-C-O stretching for woody aspects of the waste 
[30,33,44]. Next a cellulose/hemicellulose stretch at 1160 cm− 1, 
showing C-O-C asymmetric stretching has lost intensity from 0.2 M 
NaOH at 30 min [45]. Interestingly, there has been a number of peak at 
1243 cm− 1, 1370 cm− 1, 1425 cm− 1 and 1596 cm− 1 which are evidence 
of conjugated ketones, C-H bending, C-H plane deformation and aro
matic C=C stretches or C=O stretching, respectively [46]. All four of 
these mentioned sections are usually observed for lignin, however, it is 
logical to believe that some of this bonding and or structure can be 
altered as the polymeric matrix changes when hexose (cellulose derived 
sugar units) and pentose (hemicellulose derived sugar units) molecules 
are removed. This may influence the loss of intermolecular interactions 
(shown previously after leaching in water), as well as minor distur
bances in bonding between lignin and cellulose/hemicellulose [33].

As well as these losses, there is an element of surface adsorbed CO2 
detected, highlighted by a red box, this is a feature caused during data 
acquisition. Finally, across the board, there is also the characteristic 
stretch at 3400 cm− 1 representing moisture, which is common due to the 
hygroscopic nature of lignocellulosic biomass, it could also be assigned 
to the alcohol component of lignin (–OH) [47].

Fig. 2 presents representative scanning electron microscope (SEM) 
images for the leached feedstocks (Fig. 2a, 2b, 2d and 2e) and produced 
sludges including 0.2 M 30 min barley straw derived sludge (Fig. 2c), 
and 0.2 M 30 min wheat straw derived sludge (Fig. 2f). The sludge 
feedstock images show a radically altered surface structure, even when 
using a low concentration of base, compared with images of the parent 
feedstock along their top topography (Fig. 2a and Fig. 2d), as well as at 
the cut edge which shows the internal channels (Fig. 2b and Fig. 2e). The 
relatively low magnification images clearly show that both feedstocks 
have lost their ordered and regular structure, in place the 0.2 M NaOH 
has generated a warped and irregular structure, especially at the ends of 
the grains which appear to have lost their channel structure post 
depolymerization though base hydrolysis.

Thermogravimetric analysis of the two sludge feedstock families 
(Fig. 3a-Fig. 3d), except for slightly different moisture contents (Table 1) 
follow the exact same weight loss profiles between one and other, these 
are shown in Fig. 3a for barley straw derived sludges and Fig. 3c for 
wheat straw derived sludges. These feedstock similarities are also 
extended to the DTG curves where the first derivative weight loss data 

Fig. 1. Stacked FTIR spectra of (A) Leached barley straw (BS) and barley straw derived sludges, (B) Leached wheat straw (WS) and wheat straw derived sludges. The 
red box indicates atmospheric adsorbed CO2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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show that the sludge feedstocks experience a single broad thermal event 
where they lose the majority of their mass (loss of volatile components), 
these figures are Fig. 3b and Fig. 3d for barley straw and wheat straw 
derived sludges, respectively. The first derivative weight loss for the 
barley straw sludge was found between 317.7 ◦C and 335.6 ◦C where the 
barley straw sludge feedstocks hydrolysed for the longer residence time 
(60 min) were all found to shift to slightly higher temperature. This was 
not echoed by the wheat straw sludge family which all appear to have a 
mass loss around the same temperature 323.4 ◦C and 329.8 ◦C, a +
6.4 ◦C variation compared to + 17.9 ◦C seen for barley straw sludge. The 
major differences for sludge-derived feedstocks are their direct com
parison with their parent leached feedstocks. Fig. 3b and Fig. 3d present 
overlaid parent feedstock data in black dots, across both feedstocks, this 
appears as two distinct peaks 273.2 ◦C and 339.0 ◦C for leached barley 
straw compared with 274.5 ◦C and 337.7 ◦C for leached wheat straw. 
The initial peak found in the DTG curves has been previously charac
terized as the depolymerisation of hemicellulose and pectins [30,48]. 
This aligns strongly with the role of the NaOH in the hydrolysis reaction, 
sugar molecules have been removed from the feedstocks and pectins are 
heteropolysaccharides that have been removed from the lignin polymer 
backbone. However, the DTG figures (Fig. 3b and Fig. 3d) do not indi
cate if there is any observable effect of using higher concentrations of 
NaOH as the initial peak seen in the feedstock is effectively removed 
after 30 min in a 0.2 M NaOH solution, albeit Table S1 shows a steady 
increase of sugar removal in line with rising NaOH concentrations. The 
thermal degradation profiles align with some of the recent studies on 

NaOH-pretreated biomass. Evans et al. observed similar shifts to higher 
decomposition temperatures (~320–340 ◦C) for sugarcane bagasse after 
NaOH pre-treatment, attributing this to lignin enrichment and reduced 
hemicellulose [49]. Likewise, the single broad mass-loss peak for sludges 
(Fig. 3b and Fig. 3d) matches observations by our previous work on 
leached pine wood, where ash removal minimized catalytic interference 
during devolatilization [33].

3.2. The gasification of biorefinery sludges

As far, there has been little evidence, other than sugar removal to 
suggest that a longer hydrolysis residence time will benefit the feedstock 
as they look very similar in terms of their FTIR spectra (Fig. 1) and 
thermal degradation profiles (Fig. 3), their calorific values, C/H ratios, 
HHV and LHV are all similar for the 30 min and 60 min hydrolysis 
treatments. Fig. 4 presents the gas phase product distributions across the 
three NaOH concentrations, where Fig. 4a shows the producer gas after 
30 min hydrolysis time on the feedstocks and Fig. 4b presents the 
product mix from the 60 min hydrolysed materials. Comparing Fig. 4a 
and Fig. 4b, with Table 2 for clarity, the data shows a strong trend that 
hydrogen production can be promoted by increasing the NaOH con
centration above 0.2 M for 30 min reaction time. For the 0.4 M NaOH 
(Fig. 4a) the hydrogen yield reached 27.95 vol.%, this is 72.7 % higher 
than the hydrogen yield for 0.2 M NaOH. For direct comparison, the 
parent leached feedstock (no base pre-treatment) was gasified using the 
same operational conditions mentioned previously. Table 2 shows that 

Fig. 2. Scanning electron microscopy images of; (A) leached barley straw 1–2 mm, (B) rotated leached barley straw 1–2 mm, (C) Barley straw 0.2 M NaOH sludge 
(30 min), (D) leached wheat straw 1–2 mm, (E) rotated leached wheat straw 1–2 mm and (F) Wheat straw 0.2 M NaOH (30 min) sludge.
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Fig. 3. Thermogravimetric weight loss and DTG curve for barley straw (BS) derived sludges, (A and B, respectively) and wheat straw (WS) derived sludges (C and D, 
respectively).

Fig. 4. Gasification reaction product mix data for barley straw sludges (A) after 30 min hydrolysis and (B) after 60 min hydrolysis.

Table 2 
Gasification reaction gas phase product mix, averaged triplicate runs (vol.%) and overall reaction selectivity (wt.%).

Feedstock CO 
(vol.%)

CO2 

(vol.%)
CH4 

(vol.%)
CxHy 

(vol.%)
H2 

(vol.%)
Solid 

(wt.%)
Liquid 
(wt.%)

Gas 
(wt.%)

BS Leached Feedstock 44.15 39.26 10.43 2.02 4.15 17.84 32.33 49.83
BS 0.2 M NaOH 30 min 45.69 35.23 10.67 0.78 7.63 10.79 17.50 71.70
BS 0.2 M NaOH 60 min 41.17 30.00 8.09 0.85 19.89 7.66 17.03 75.31
BS 0.4 M NaOH 30 min 24.89 33.62 7.86 5.68 27.95 8.49 18.09 73.42
BS 0.4 M NaOH 60 min 49.69 28.44 7.19 2.50 12.19 10.73 8.86 80.41
BS 1.0 M NaOH 30 min 50.83 16.34 5.94 2.15 24.75 10.52 16.58 72.90
BS 1.0 M NaOH 60 min 42.83 32.35 6.80 2.21 15.81 12.01 14.17 73.82
​ ​ ​ ​ ​ ​ ​ ​
WS Leached Feedstock 66.30 12.05 6.58 3.56 11.51 7.41 31.90 60.69
WS 0.2 M NaOH 30 min 32.86 51.64 7.75 2.11 5.63 37.60 18.87 43.53
WS 0.2 M NaOH 60 min 40.79 25.00 10.71 1.43 22.06 50.02 17.11 32.88
WS 0.4 M NaOH 30 min 40.60 28.68 9.95 1.57 19.20 10.80 17.08 72.12
WS 0.4 M NaOH 60 min 37.96 29.29 10.14 1.53 21.08 10.50 17.78 71.72
WS 1.0 M NaOH 30 min 41.44 26.82 8.33 1.29 22.12 11.59 16.70 71.71
WS 1.0 M NaOH 60 min 40.57 29.26 10.64 1.69 17.84 29.83 16.00 54.17
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the parent barley straw feedstock only yielded 4.15 vol.% H2, where the 
0.4 M NaOH, 30 min sample enabled an 85.2 % increase in hydrogen 
yield. Furthermore, the base hydrolysis reaction (0.4 M NaOH, 30 min) 
generated 32.1 % more gas phase products than the virgin barley straw. 
In fact, by depolymerising the hemicellulose, weakening the interactions 
with the lignin backbone (Fig. 1a and Fig. 3b), all hydrolysed barley 
straw sludges generated more gas phase products than the leached 
feedstock alone, clearly demonstrating the benefit of combining hy
drolysis with leaching for enhancing valuable gasification products. 
Additionally, the use of base as a pre-treatment has been found in the 
past to lower the crystallinity index (CrI) of cellulose itself. Clearly, 
Table S2 shows that not all the cellulose was removed from the initial 
feedstock, across both the various NaOH concentrations and short resi
dence times. Therefore, one can infer that the CrI will have decreased 
through the pre-treatment process, similarly to how our previous work 
demonstrated it could be achieved using water alone, this has been 
established previously for promoting the enzymatic conversion of cel
lulose through increased accessibility [33,50,51]. Another benefit 
shown in Fig. 4a is that the volume of CO2 created has been substantially 
lowered in favour of the partially oxidized COx, CO, a marketable 
product for heating and chemical production through route such as the 
Fischer–Tropsch process when reacted with hydrogen over a catalytic 
package [52]. Due to a steady decrease in methane as base concentration 
increases, Fig. 4a, one may infer that there has been some methane 
reforming taking place (Eq. (4) which directly aligns with the increases 
in CO and H2. This is echoed further in Fig. 4b, which shows the exact 
same trend, albeit subtly lower. In the interest of promoting hydrogen 
production as a sustainable low-carbon fuel source, Fig. 4b infers that a 
prolonged residence time is only beneficial for hydrogen production if a 
low NaOH concentration is used for barley straw. This is where 0.2 M 
NaOH, 60 min produced 19.89 vol.% H2, this is 61.6 % higher than the 
30 min hydrolysis counterpart. Moreover, the barley straw pretreated 
with 0.2 M NaOH, 60 min produced 79.1 % more hydrogen than leached 
barley straw alone. The 60 min residence time for 0.4 M NaOH, barley 
straw sludge was found to produce far more CO than its 30 min coun
terpart (49.9 %, Table 2). This selectivity swap could be due to the 
higher ash content in 0.4 M NaOH, 60 min barley straw sludge than the 
30 min equivalent (Table 1), possibly in the form of Na cations that were 
not solubilised and catalysing the water–gas shift reaction [16], 
favouring CO whereas the 0.4 M NaOH, 30 min barley straw sludge 
possessed a higher moisture content, which could push the equilibrium 
towards H2 production in place of carbonaceous molecules.

For the case of wheat straw derived sludges, Fig. 5a and Fig. 5b show 
the effect of hydrolysing the waste stream for 30 min and 60 min, 
respectively. In a very similar trend with barley straw sludges, a higher 
NaOH concentration generates a higher hydrogen yield, only when a 
shorter residence time is used. As explained previously in Fig. 4b, Fig. 5b 
shows that product selectivity favours a weaker NaOH concentration if 
following a 60 min residence time, producing more CO2, CH4 and CxHy 

in favour of H2 when using a sludge hydrolysed with 1.0 M NaOH.
Table 2 clearly shows that wheat straw sludges all produce more H2 

for a 60 min residence time, vs their 30 min counterparts (with the 
exception of the 1.0 M NaOH, which is slightly lower). Except for 0.2 M 
NaOH, 30 min, all wheat straw sludges, alike their barley straw com
parators produce more H2 than the leached parent feedstock, the devi
ation in the trend for the feedstock mentioned is proposed to be 
experimental variance in place of bucking the proposed H2 trend, as 
suggested by a higher CO2 concentration than all the other sludge 
feedstocks. Fig. 4 and Fig. 5 do show that base pre-treatment can be 
optimized where 0.4 M NaOH is clearly beneficial for promoting 
hydrogen production across both feedstocks.

For barley straw, the optimum reaction conditions for base hydro
lysis were found to be 0.4 M NaOH for 30 min to achieve the maximum 
hydrogen yield. Wheat straw sludges did see a marginal increase in H2 
product concentration when the 1.0 M NaOH was used for 30 min. Be
tween the two sludges, if the 0.4 M NaOH 30 min pre-treatment regime 
were to be used, there would be 31.3 % less hydrogen produced if using 
wheat straw instead of barley straw, indicating that barley straw is more 
favourable for this process but wheat straw is still effective, albeit pro
duces 61 % more CO than barley straw. An interesting caveat for the 60 
min wheat straw sludges (Fig. 5b), there is an increase in methane yield, 
across all base concentrations, this is only seen for this feedstock 
showing a higher affinity towards CH4 in place of CxHy residues that are 
observed for barley straw derived sludges.

The H2 yields achieved in this work (27.95 vol.% for barley straw, 
22.12 vol.% for wheat straw) are competitive with some of the previous 
works in biomass gasification. Gong et al. reported 99.93 vol.% H2 pu
rity using a complex cascade process (alkaline thermal treatment +
catalytic steam reforming + alkali absorption), which requires a Ni 
catalyst, high NaOH loads, and multi-stage reactors [37]. In contrast, 
our single-step gasification offers comparable yields without the need 
for catalysts, steam, or energy-intensive purification steps. These results 
represent a significant improvement over conventional biomass gasifi
cation systems: Duman and Yanik achieved only 15–20 vol.% H2 from 
steam gasification of wheat straw [38], while Sharma et al., reported 
18–20 vol.% H2 from catalytic gasification of Lantana camara biomass 
[39]. The effectiveness of our NaOH-sludge pre-treatment is further 
highlighted by matching work by Meng et al., who achieved 20–28 vol. 
% H2 from steam gasification of Agrol and willow [40] which surpassed 
more recent work by Yim et al., who reported a maximum hydrogen 
yield of 18.31 vol.% through the catalytic gasification of woody sawdust 
[41], whereas our system attained similar, if not higher yields in some 
cases without additional steam and or catalytic intervention. This work 
shows that physically, the outer structure of the feedstocks has changed 
demonstrating disorder (Fig. 2), chemically the sugar components have 
been removed or depolymerised (Table S2 and Fig. 3, respectively), 
which has led to a change in products formed (Table 2). Assuming that 
less energy is physically needed to break the bonding post hydrolysis 

Fig. 5. Gasification reaction product mix data for wheat straw sludges (A) after 30 min hydrolysis and (B) after 60 min hydrolysis.
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(reduction in cellulose crystallinity index), the concentration of gas 
phase products has radically increased, especially towards hydrogen.

4. Conclusions

To prevent further release of unregulated carbon dioxide into the 
atmosphere, we need to make a step change in the way we globally 
produce energy, one such change is the use of sustainably generated 
hydrogen. With rapid research and development into the scale-up of 
hydrogen production, it is still driven by carbon-emitting processes. This 
work highlights a potential direction by utilizing a waste stream 
generated downstream of a lignocellulosic waste processing regime 
where sugar is extracted for further value-adding. The remaining sludge 
can be rapidly reformed and repurposed into a sustainable hydrogen 
feedstock that can be accessed via conventional gasification. By opti
mizing the waste pre-treatment process (independent of the feedstock 
used), the hydrogen yield can be enhanced. It has been shown that 
hydrogen production can be improved by 85.2 % for a hydrolysis sludge, 
when comparing to the parent feedstocks, prior to pre-treatment. The 
mentioned sludges are residual high moisture waste streams after hexose 
and pyranose sugar extraction. It is shown that barley and wheat straws 
can be valorized in a similar way where hydrogen yields were found to 
be ~50 % higher for hydrolysed sludges than the parent wheat straw 
feedstock, prior to base pre-treatment.
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